INTRODUCTION
The cuticle is a critical element in the controlled exchange of substances between the outside world and the internal tissues of vascular plants; especially important is its protective effectiveness against excessive water loss. Moreover, the cuticle provides protection from various deleterious environmental influences, including UV-radiation, mechanical injuries, dust particles, and phytopathogenic microorganisms (Martin, 1964; Campbell, Huang & Payne, 1980; Allen et al ., 1990) . A heavily cutinized epidermis may also function in herbivory abatement by prohibiting piercing-and-sucking arthropods from penetrating the surface. In addition, the cuticles of many extant plants display special structures either in the form of wax adcrustations (epicuticular waxes) or as surface microreliefs (i.e. ornamentations of the cuticle) that may also function in protecting the plant. The former are found in all vascular plants , whereas the latter occur primarily in angiosperms (Barthlott & Ehler, 1977; Barthlott, 1980; Barthlott & Ziegler, 1981) and some gymnosperms (e.g. Florin, 1936) . Epicuticular waxes are produced either exclusively during leaf development and expansion, or during the entire lifetime of the leaf (Rentschler, 1971; Neinhuis, Koch & Barthlott, 2001) . Surface microreliefs are formed during the growth of the leaf (Barthlott, 1980) or develop as a result of continued growth of the cuticle after cell expansion has ceased. Both epicuticular waxes and surface microreliefs are effective as passive defences against herbivores and phytopathogenic microorganisms, and can serve as adaptations to particular (extreme) abiotic habitat conditions (e.g. Chapman, 1976; Suzuki, 1980; Hutchings & Saenger, 1987; Western, 1988) .
The cuticles of many ancient seed plants are highly resistant, and often survive fossilization and diagenesis almost unchanged morphologically. It has been established that cuticles provide a wealth of information useful in the taxonomy of fossil seed plants (e.g. Cleal & Shute, 1995; Krings & Kerp, 2000; Kerp & Krings, 2003) , and are also important with regard to palaeobiological and palaeoecological considerations (e.g. Krings et al ., 2003a Krings et al ., , 2003b . As a result, the analysis of fossil cuticles has become a major focus of palaeobotanical research (Kerp, 1990) . Although the occurrence of surface microreliefs has variously been noted in fossil cuticles (e.g. Florin, 1936; Dobruskina, 1998; Denk & Velitzelos, 2002) , detailed descriptions of these ornaments and their spatial arrangement are scarce, and hypotheses relating to the mechanical and ecological function(s) in fossil plants have not been advanced to date.
Here we describe a surface microrelief in the form of longitudinally orientated idiocuticular striae that occurs on the leaves of the enigmatic Late Triassic leaf taxon Glossophyllum florinii Kräusel 1943 [ = Arberophyllum Doweld (Doweld, 2000 ] from the Lunzer Sandstein in the Northern Calcareous Alps of lower Austria. Compressed leaves and leaf fragments of G. florinii (Figs 1, 2) are common in the Lunzer Sandstein and usually yield excellently preserved cuticles (Figs 2, 3) . The macromorphology and epidermal anatomy of G. florinii were originally described and reconstructed by Kräusel [1943: fig. 4 (re-illustrated in Fig. 1) ]. This author assigned the species to the gymnosperm order Ginkgoales based on epidermal anatomy. It is possible, however, that there are also other groups of plants where these leaves might be housed, e.g. conifers [such as Pelourdea Seward ( = Yuccites WP Schimper et Mougeot)] or early gnetophytes. Glossophyllum forms an isolated taxon that differs in various morphological traits from other members in the Mesozoic ginkgophytes, including Ginkgoites Seward, Baiera Braun and Sphenobaiera Florin (Tralau, 1968; Dobruskina, 1998) . The most characteristic features of Glossophyllum are tongueshaped leaves that lack petioles and subepidermal secretory cavities. The occurrence of a surface microrelief in G. florinii represents the first record for cuticle ornamentation in a Triassic putative ginkgophyte. The G. florinii microrelief is discussed with regard to mechanical and ecological function(s).
GEOLOGICAL SETTING, MATERIAL AND METHODS
The specimens of Glossophyllum florinii come from the famous Late Triassic flora of Lunz in the Northern Calcareous Alps of lower Austria. They were collected during the late 19th and early 20th centuries from several localities (mostly spoil tips of coal mines) in the area around Lunz-am-See, c. 100 km west of Vienna (cf. Dobruskina, 1998: fig. 2 ). The Lunz flora is one of the most important fossil floras of the Carnian (early Late Triassic) in Europe (Dobruskina, 1989) . The plant fossils (impressions and compressions) come from the so-called Lunzer Sandstein, which is part of the Lunz beds (Verloop, 1908: fig. 1 ). Based on the marine invertebrates that occur in the strata positioned directly above and below the Lunzer Sandstein (the Reingrabener Schiefer and Opponitzer Schichten, respectively) the Lunzer Sandstein was correlated with the stratotype of the Carnian; Krystyn (1978) places the Lunzer Sandstein in the upper part of the early Carnian (i.e. Julian). The Lunz flora is palaeobotanically significant because it represents one of only a few well-preserved floras of the alpine Triassic, and is one of the oldest fossil floras with bennettitaleans (Cleal, 1993) . The flora is diverse, including sphenophytes, ferns, ginkgophytes, coniferophytes, and cycadophyte foliage; the most remarkable aspect is the abundance of fertile cycadophyte remains (Krasser, 1909a (Krasser, , 1909b (Krasser, , 1917 (Krasser, , 1919 . Additional information on the composition of the Lunz flora can be found in Dobruskina (1989 Dobruskina ( , 1998 . The material used in this study comes from the collections of the Laboratory of Palaeobotany and Palynology, University Utrecht, the Netherlands (accession numbers 243, 17858A, 17930), the Museum of Natural History Vienna, Austria (accession numbers A6025, 1883 -C-5923, 1885 -D-3893, 1885 -D-3969, 1885 -D-3971, 1885 -D-4055, 1886 -I-4, 1886 -I-22, 1887 -I-24, 1889 -VI-08, 1889 -VI-20, 1944 , and the Museum of Natural History Stockholm, Sweden (accession numbers S148223, S148234, S148334, S148522, S148596, S148660).
Cuticles were prepared according to procedures outlined in Kerp (1990) , and Kerp & Krings (1999) . Plant remains were picked from the rock surface using a preparation needle, and macerated according to the standard procedure using Schulze's reagent (HNO 3 with a few crystals of KClO 3 ). Macerated cuticles were washed in distilled water, gently dehydrated in pure glycerine, and subsequently mounted in permanent glycerine-jelly on microscope slides. In order to increase contrast, some cuticles were stained with Sudan III. Permanent cuticle slides are deposited in the slide collection of the Forschungsstelle für Paläo-botanik am Geologisch-Paläontologischen Institut, Universität Münster, Germany, under accession numbers PBO0-0005, PBO0-0006, PBO0-0009, and PBO0-0012. For SEM analysis, small pieces of cuticle were picked from the rock, dried on a precision heating plate, and subsequently sputter-coated with coal. The cuticles were analysed with a Leitz Diaplan light microscope and JEOL 840 scanning electron microscope and photographed digitally. Images were processed in Photoshop 7.0.
DESCRIPTION
Glossophyllum florinii leaves posses a thick and leathery appearance and are amphistomatic. On the abaxial side, stomatiferous costal and nonstomatiferous intercostal fields are well-defined. The costal fields are between 60 and 90 µ m wide, and consist of 2-3 rows of isodiametric, polygonal to rectangular epidermal cells. The intercostal fields (Fig. 9) are between 120 and 140 µ m wide, and consist of 4-10 rows of isodiametric to rectangular cells. The anticlinal cell walls are straight and the outer periclinal walls smooth, producing only faint idiocuticular striae. Stomata are distributed regularly in the costal fields; stomatal pores are randomly orientated. Stomatal density on the abaxial side measures up to 35-48 stomata mm − 2 . The stomatal density of the adaxial side is considerably lower, up to 22-36 stomata mm − 2 . The adaxial cuticle is thicker than the lower cuticle, and composed of welldefined longitudinally orientated rows of elongate, isodiametric or polygonal epidermal cells (Fig. 5) , up to 50 µ m wide and 80 µ m long. The outer periclinal walls of the ordinary epidermal cells are smooth. The anticlinal cell walls are straight. Stomata are scattered across the epidermis, and stomatal complexes are similar in structure to those seen on the abaxial side (Fig. 5) ; however, orientation of the stomatal pores is more regular. The individual stomatal complexes on the adaxial and abaxial side are separated from one another by one to several ordinary epidermal cells (Figs 9, 10, 18 ). However, they are usually interconnected by idiocuticular striae. The stomatal complex is oval to round in shape, 30-35 µ m wide and 48-55 µ m long. The guard cells are sunken, 8-15 µ m wide and 45-50 m long, and possess prominent circum-poral thickenings (Figs 13-17) . Apertures are typically slitlike and shorter (usually some 40 µ m in length) than the length of the pit mouth (Figs 16, 17) . The guard cells are surrounded by 5-7 subsidiary cells, which are regular in shape and size; it is not possible to distinguish polar from lateral subsidiaries. The subsidiary cells are more heavily cutinized than the normal epidermal cell (Fig. 17) . A distinct and solid papilla extends from each subsidiary cell and overarches the pit mouth 19 (arrow) ]. For more details on the epidermal anatomy of G. florinii , refer to Kräusel (1943) .
Glossophyllum florinii leaves show a surface microrelief consisting of elevated striae and depressions (Figs 9, 11, 12, 18) ; the relief is typically much more prominent on the adaxial side of the leaf (Figs 7, 8) . SEM reveals that the striae are composed exclusively of cuticle material (Figs 4, 6) , and hence represent idiocuticular structures (cf. Barthlott & Ehler, 1977: fig. 63c ). The width of the individual striae ranges between 3 and 10 µ m. Virtually all striae are primarily orientated in longitudinal direction (i.e. parallel to the leaf lateral margins; Figs 4, 7, 8 [arrow] ), and thus form a very regular pattern (Figs 8, 11, 12) ; bifurcating striae are rarely observed. The distance between two neighbouring striae (i.e. the depression) is between 1 and 3 µ m wide. Most striae originate from the tips of the papillae on the stomatal subsidiary cells [Figs 12, 14, 15, 17, 19 (arrows) ], and, from there, radiate in an outward direction across the subsidiary cells. Striae that initially do not run longitudinally, curve after a short distance and, as a result, also become orientated parallel to the lateral leaf margins (Fig. 12) . Adjacent stomatal complexes are usually interconnected by up to 3 bundles of ornaments, each consisting of 4-5 parallel striae [Figs 8, 11 (arrow) , 18 (arrows)]; these striae are not necessarily orientated parallel to the lateral leaf margins. The striae that originate from stomatal complexes in the proximal portion of the leaf usually fuse with those that are given off from above positioned stomatal complexes (Figs 4, 7, 9) . As a result, the total number of longitudinally orientated striae on the leaf surfaces remains more or less constant. The striae are never restricted to individual epidermal cells, but instead consistently continue across the borders of the cells, even where different cell types (e.g. stomatal subsidiary and normal epidermal cells) occur next to one another (Figs 9, 12 ).
DISCUSSION
The surface microrelief on the leaves of Glossophyllum florinii represents the first account for cuticle surface ornaments in a Triassic putative ginkgophyte. Although the epidermal anatomy of G. florinii has been studied in detail by Kräusel (1943) , this surface feature has not previously been recorded. Surface ornaments have been noted in a number of other fossil ginkgophytes. For example, Florin (1936) describes surface 'striations' on a number of ginkgophyte cuticles from the Wealden (lower Cretaceous) of the FranzJosef-Land archipelago that are similar to the striae seen in G. florinii . This author compares the striations with the cuticular foldings that occur on the pinnules of the extant cycad Stangeria Moore and the fossil Ctenis Lindley et Hutton. Denk & Velitzelos (2002) report 'striations' from Cenozoic representatives of the Ginkgoales. However, neither of these studies offers hypotheses with regard to the ecological and mechanical functions of the surface microreliefs. The sole extant representative of the ginkgophytes, Ginkgo biloba L., displays a distinct surface microrelief in the form of longitudinally orientated striae (pers. observ.). Along with acute epicuticular wax structures, the striae are effective in reducing leaf wettability (Neinhuis & . We are not aware of any study that records cuticle ornaments similar to those seen in G. florinii for a fossil or extant representative of the other two plant groups (e.g. conifers or the gnetophytes) that have variously been considered as a repository for G. florinii.
Modern plants with thick leathery foliage, comparable to that seen in G. florinii, grow predominantly in (seasonally) arid regions (i.e. xeromorphic plants) or in environments characterized by elevated to high soil and ground water salinity (i.e. salt-resistant glycophytes and halophytes). The Late Triassic palaeolatitudinal position of the Lunz area (c. 30°N) in the Northern Calcareous Alps of Austria suggests that the Lunz flora grew in a paratropical environment (Scotese, 2003) . According to Stur (1885) , the Lunz flora was located in a hillside region of the Bohemian mountains; there, close to the coast of the Tethys Ocean, it was influenced by marine climate. The occurrence of a heavily cutinized epidermis and deeply sunken stomata that are partially covered by papillae extending from the subsidiary cells [Figs 7, 10, [11] [12] [13] [14] [15] [16] [17] [18] [19] ] in several plant taxa from the Lunz flora, support the hypothesis that the Lunz flora grew in a (seasonally) dry and/or coastal (i.e. salinity-affected) environment. Moreover, it is likely that the Lunz palaeoecosystem was subjected to sustained wind, which often occurs in coastal and near-coast environments, and was an open-canopy, high-light habitat. The fact that the leaves of G. florinii are amphistomatic may be positively correlated with their thick, leathery nature. It has been noted that amphistomy tends to be more common amongst extant plants that possess thick leaves and thrive in xeric habitats (Parkhurst, 1978; Fahn & Cutler, 1992) . The presence of stomata on both sides of the leaf is interpreted as an adaptation to reduce the internal diffusion distance of CO 2 in thick leaves (e.g. Parkhurst et al., 1988) . On the other hand, Mott, Gibson & O'Leary (1982) state that amphistomy is characteristic for plants living in high-light environments (e.g. coastal areas) and possessing high photosynthetic capacities, and may represent an adaptation to allow the high stomatal conductances necessary to take advantage of high photosynthetic capacities. Stomatal conductance is a numerical measure of the rate of passage of either water vapour or carbon dioxide through the stomata. It plays an important role in the plantatmosphere water exchange. Diffusion of CO 2 into the mesophyll of leaves and water vapour from the leaf to the atmosphere is mainly driven by the stomatal aperture, which is controlled by a complex system of physiological processes. An increased uptake of CO 2 may cause higher photosynthetic rates for a more effective exploitation of the high-light conditions. Several considerations can be offered on the effectiveness of the G. florinii surface ornamentation. One particularly interesting aspect with regard to the protective effectiveness of cuticle surface ornaments concerns the reduction of leaf wettability . Water droplets possess a high surface tension due to the strong intermolecular forces of the water molecules that cause their spherical shape. It has been established from extant plants that the minute, air-filled spaces between surface ornaments or epicuticular wax crystals reduce the contact zone between a water droplet and the leaf surface. As a result, in leaves with surface ornaments, the contact area is reduced considerably because the water droplets only contact the upper tips of the ornaments, but do not adhere firmly to the leaf surface, and thus the surface tension of the droplets is retained and they are much easier repelled (Rentschler, 1971; Juniper, 1991) . Thus, it is possible to envisage that the G. florinii surface microrelief functioned in reducing the wettability of the leaves. This hypothesis is supported by the presence of microrelief on the entire leaf surface that is especially well-developed on the adaxial side. Moreover, the ornamented leaves of the extant Ginkgo biloba are effective in reducing leaf wettability (see above).
A significant side effect of surface microreliefs in the form of parallel striae is the cleaning of the leaf surface. Dust particles that continuously accumulate on all leaf surfaces are washed off by water running off the leaf (Barthlott & Ehler, 1977; Campbell et al., 1980; . On smooth surfaces, dust particles are usually only rearranged by effluent water, whereas on ornamented surfaces these contaminants are washed off by the water droplets rolling off the leaves. Because this phenomenon was noted in the Sacred Lotus (Nelumbo nucifera Gaertn.), it is commonly termed 'the Lotus effect' . The self-cleaning effect is of great significance because dust particles on leaf surfaces adversely affect plants (Pal et al., 2002) . For example, dust may raise the surface temperature of the leaves, which considerably increases the transpiration rate (Eller, 1977) . In xeric and windy environments in particular, dust contamination is a major adverse effect on plant life. In addition, the air in coastal habitats is saline. In combination with sustained wind and a high evaporation rate, salt particles remaining on the leaves can cause injuries to the tissue. Plants affected by high salt concentrations often appear dark green in the early stages, but rapidly develop marginal yellowing and necrosis of older leaves (Delahaut & Hasselkus, 1999) . Salt crystals on the leaf surfaces may cause, among other things, dehydration of the epidermis and internal tissues. It is possible that the self-cleaning effect of leaves removes not only dust particles, but also salt crystals. Pioneer plants with self-cleaning leaves growing in dusty, coastal environments would have a competitive advantage over those without. The G. florinii surface microrelief may have been effective in selfcleaning of its leaves. However, it is likely that this effect was not as sophisticated as the well-known consummate structures in Nelumbo nucifera Gaertn., Brassica oleracea L., or Tropaeolum majus L., based on the structure and spatial arrangement of the surface ornaments in G. florinii.
The surface microrelief of G. florinii may also have provided some protection from phytopathogenic microorganisms, especially fungi. Fungal spores are disseminated by air and accumulate on leaf surfaces where they germinate and eventually infest the internal tissues directly through the cuticle and epidermis or through stomatal pores (Martin, 1964; Cowling & Horsfall, 1980; Suzuki, 1980; Juniper, 1991) . Selfcleaning leaves may protect the plant from phytopathogenic fungi by removing the spores from the surface. It is interesting to note that epiphyllous fungi have been discovered on Pterophyllum Brongn. leaves from the Lunz flora (Schaarschmidt, 1966) . However, epiphyllous fungi have not yet been documented for G. florinii.
The idiocuticular striae on the G. florinii leaves are almost exclusively orientated in a longitudinal direction, parallel to the lateral leaf margins. This may have facilitated the flow of rainwater longitudinally from all areas of the lamina to the leaf base and tip. If the striae were arranged differently (e.g. in transverse direction or forming a reticulate pattern), water would not be directed to the leaf base and tip, but would rather run off laterally (striae arranged in transverse direction) or remain on the surface (reticulate pattern). As a result, the surface microrelief in G. florinii may have prevented the formation of a water film on the surface, and thus ensured continuous CO 2 uptake . It is known from extant plants that the presence of a water film on the leaf surfaces and liquid water in the antechambers of sunken stomata may reduce the uptake of CO 2 by up to four times (Smith & McClean, 1989) .
Apart from the effectiveness in protecting the plant from deleterious environmental influences, the G. florinii surface microrelief may also have possessed a mechanical function. For example, it is known from extant plants that certain surface ornaments strengthen the leaf (Kurer, 1917; Barthlott & Ehler, 1977) . This may be especially significant in plants that thrive in areas where considerable changes in water availability result in alterations of the leaf shape. For example, if G. florinii lived in a seasonally dry environment, it is possible that shrinkage of the leaves occurred due to turgor loss during periods of water limitation. Here the surface ornament may have enabled leaves to reestablish their turgid form once water became available again.
It is impossible at present to assign a particular ecological or mechanical function to the surface microrelief of G. florinii leaves, but comparisons with extant plants provide at least some general ideas about the possible effectiveness of this feature. Further studies of the epidermal anatomy of seed plants from the Lunzer Sandstein will provide insights into the distribution among the taxa and diversity of surface ornaments in this flora. Along with data on the epidermal anatomy of the plants and information gathered from palaeozoological and sedimentological studies, this may ultimately lead to a more complete understanding of the adaptative significance of surface ornaments in this Late Triassic flora, and the quality of the biotic and abiotic ecological parameters that shaped the environment in which the Late Triassic plants from the Lunzer Sandstein lived. lands) for making available the Glossophyllum florinii specimens for cuticular analysis, and SD Klavins (Lawrence KS, USA) for proof-reading the manuscript.
